Although the endothelial cell (EC) cytoskeleton has been studied both in vitro and in vivo, little is known about its role in endothelial integrity. We have previously suggested that specific EC microfilament (MF) structure, which we have termed the "dense peripheral band (DPB)," may play a major role in this process. We have extended our studies to characterize this structure in pig aortic ECs in vitro. During the growth of EC cultures, the DPB appears only when the cultures have attained confluency. Using double fluorescent labeling, we found that alpha-actinin, myosin, and tropomyosin colocalized with the F-actin making up the DPB. Occasional microtubules were present in this region, although there was no preferred association between microtubules and the DPB. Colocalization studies revealed vinculin plaques at the cell-cell interface. Thin MFs extended from the DPB into the cytoplasmic side of these plaques. The DPB was completely disrupted by low dose cytochalasin B within 30 minutes, whereas many central MF bundles were still present at 24 hours. The results of this study suggest that the DPB is a distinct structure in the confluent EC monolayer and is closely associated with the ability of ECs to form and maintain the EC monolayer. The disruption of the DPB as an important initial event in the pathogenesis of vascular diseases such as atherosclerosis is discussed.
what are generally described as stress fibers. 24 Although much is known about the central MF bundles with respect to structure and function, the EC peripheral actin MF bundles have not been well studied. Our previous in vitro studies have shown that the presence of the DPB was closely associated with the lamellipodia extrusion occurring during rapid closure of single cell wounds in a confluent monolayer. 10 In addition, in vivo studies have shown a reduction in peripheral F-actin MFs during reendothelialization, 20 and at the onset of experimental pulmonary edema, 25 ' 26 suggesting that these dynamic MF structures are important in maintaining monolayer integrity. Thus, we designed experiments to further characterize the formation and composition of the DPB with the aim of undertanding its function.
We found that the DPB appeared only after the EC cultures have attained confluency. The DPB was associated with several contractile proteins including myosin, tropomyosin, and alpha-actinin, suggesting that it may possess a contractile function. The DPB was also closely associated with vinculin. MFs emanating from the DPB and extended into the cytoplasmic side of the vinculin plaques present at the interface between ECs. We also found that the MFs making up the DPB differed from the central MF bundles within ECs as they were much more sensitive toward the disruptive effects of cytochalasin B. Our study showed that the DPB is a distinct MF structure associated with the formation of the confluent EC monolayer.
A preliminary account of this work appeared earlier. 27 A paper in preparation shows that thrombin, which caused a disorganization of the confluent EC monolayer, acted by disrupting the MFs making up the DPB. 27 
Methods

Cell Cultures
ECs were harvested by the collagenase dispersion method as previously described 12 from the thoracic aorta of pigs obtained from a slaughterhouse. Cultures were grown in Medium 199 in Earle's salts with 25mM HEPES, 0.3 mg/ml L-glutamine, and supplemented with 5% fetal bovine serum (FBS) as well as 50 units/ml penicillin, 50 fj.g/m\ streptomycin, and 0.25 g/ml amphotericin. Subculturing was carried out on confluent cultures using 0.05% trypsin and 0.02% EDTA. In this study, cells of passages 1 to 3 were used. All tissue culture reagents were obtained from Gibco (Grand Island, New York).
Formation of the Dense Peripheral Band
To assess the MFs as the ECs grow to confluency, 1.5 x 10 5 cells were plated onto 22 x 22 mm coverslips in 35 mm tissue culture dishes. Cultures were observed every day and were fed every 2 days. Cells reached confluency within 5 to 6 days. The cells were fixed at 0,1, 8, 24 hours, and 2, 3, 5, 7, and 9 days after plating.
Culture supernatants were obtained 9 days after plating from postconfluent cultures that had been last fed with 5% FBS in Medium M199 3 days earlier. The media was centrifuged and filtered through 0.22 Millipore filters (Bedford, Massachusetts) to remove cell debris, and then was added at 37° C to low density and subconfluent cultures that had been plated 2 and 5 days earlier. These cultures were fixed 24 and 48 hours after the addition of the conditioned culture supematants.
Visualization of F-Actln Mlcrofllament Bundles
F-actin was visualized in ECs as previously described in detail. 10 Cells were fixed with 3% formaldehyde in phosphate-buffered saline (PBS) prewarmed to 37° C for 20 minutes at room temperature. After the coverslips were washed in PBS, the cells were permeabilized with 0.1% Triton X-100 (Sigma Chemical Company, St. Louis, Missouri) in PBS for 3.5 minutes. After a thorough washing, the coverslips were incubated with rhodamine-labeled phalloidin (Molecular Probes, Junction City, Oregon) in PBS 28 for 30 minutes. The coverslips were then washed and mounted over glycerol-PBS (1:1). To test the nonspecific binding of the probe, cells from the experimental group were processed and stained with rhodamine-phalloidin in the presence of a 50-fold molar excess of unlabeled phalloidin (Boehringer-Mannhiem, Dorval, Quebec, Canada). These coverslips were photographed, processed, and printed in a manner identical to the experimental group.
Antlsera
The preparation and characterization of rabbit-derived antisera to electrophoretically purified pig brain tubulin, 29 chicken breast muscle tropomyosin, 30 and pig uterine myosin 12 have been previously described. The antibody to chicken gizzard alpha-actinin and vinculin was kindly provided by S.Jon Singer, University of California, San Diego. Sera and IgG from preimmune rabbits and antisera preabsorbed with the corresponding antigens were used as controls.
Colocallzatlon of Cytoskeletal Proteins
F-actin was colocalized with tubulin by fixing and permeabilizing the cells as described above. Microtubules were stained by the indirect immunofluorescence method by using a primary rabbit-derived antisera to tubulin followed by a secondary fluoresceinated goat-derived antisera to rabbit IgG (Miles Scientific, Toronto, Ontario). Coverslips were then stained with rhodamine-phalloidin, as above. To colocalize F-actin with either alpha-actinin, myosin, tropomyosin, or vinculin, coverslips were first treated with 0.2% Triton X-100 in 0.1 M KCI/0.01 M Tris-HCI/ph 7.5 31 for 2 minutes at 4° C followed immediately by fixation with 3% formaldehyde prior to staining. No difference in staining patterns was observed if the cells were stained first with rhodamine-phalloidin followed by the indirect immunofluorescent staining.
Microscopy and Photography of Endothellal Cells
Stained ECs on coverslips were visualized under a Zeiss planapo 40X/1.0 oil objective by using epi-illumination optics on a Zeiss photomicroscope II. For co-localization studies, a Zeiss planapo 100X/1.3 oil objective was used because its shallow depth of focus allowed for fine observations of several distinct focal planes through the cell. Zeiss filter combination sets 487717 and 487715 were used to allow for the selective viewing of fluorescein and rhodamine fluorescence respectively. Doubly stained cells were photographed in the two fluorescences without changing focus. Photographic recordings were carried out with Kodak Tri-X film at ASA 400 and developed with Microdol-X (Kodak Canada, Toronto, Canada).
Incubation of Endothellal Cell Monolayers with Cytochalasln B
Confluent EC monolayers were incubated with 1.25 pig/ml of cytochalasin B (Sigma). This concentration was the lowest that produced disruption of the F-actin DPB by 2 hours with a minimum shape change of the EC within the monolayer. 10 The incubation medium was made by adding the required amount of cytochalasin B from a stock solution of 1 mg/ml of dimethylsulfoxide (Fisher Scientific, Toronto, Canada) into the appropriate volume of prewarmed Medium 199 containing 5% fetal bovine serum. The medium was removed from each 35 mm dish, and 2 ml of test media was added to each dish. Cells were fixed at 15minute intervals for the first 2 hours; then at 3, 5, 7, 9, 12, and 24 hours. Washout was carried out in cultures that had been incubated with cytochalasin B for 2, 7, and 24 hours. The incubation media was removed, and fresh Medium 199 with 5% FBS was added to the dishes. Cultures were fixed at 15-minute intervals for the first 2 hours and then at 3 and 4 hours. Controls exposed to an equal concentration of dimethylsulfoxide were run in parallel.
Results
Dense Peripheral Band In Formation of a Confluent Endothellal Cell Monolayer
Within 2 hours after being plated, single cells were actively spreading onto the substratum 32 with ruffling and lamellipodia extrusion occurring around the total circumference of the cell. The F-actin distribution in these ECs originally was diffuse throughout the cell with a more prominent concentration at the periphery of the cell. In addition, many thin MFs were found in this area, while centrally located MF bundles were much less prominent ( Figure 1 A) . As the cells spread, the F-actin became organized into discrete bundles both at the cell periphery and as centrally located ventral bundles at the bottom of the cell. By 24 hours, the cells were completely spread, and many mitotic figures were observed throughout the culture. The cells grew as islands, and the F-actin within ECs appeared mainly in the form of centrally located MF bundles without circumferential MFs (Figure 1 B) . At this subconfluent stage, peripherally located MF bundles were occasionally observed as an arc at the base of prominent lamellipodia. Once confluencey was reached, a distinct accumulation of MFs was observed around the circumference of each individual EC (Figure 1 C) , which we previously termed the "dense peripheral band (DPB). 10 Centrally located MF bundles were short and located along the ventral cytoplasm of the cell. Many short and thin MF bundles were seen emanating from the DPB toward the cell border. As the cultures became more tightly confluent, the DPBs of adjacent cells became indistinct from each other as each cell appositioned tightly against it neighbor (Figure  1 D) . The central MF bundles became less prominent and shorter at this time.
This DPB formation was observed to invariably occur through all cell isolates and serum lots used in these experiments. In addition, the sequence of DPB appearance observed during the growth of the cultures did not depend on whether they were initially seeded from confluent cultures that possessed DPBs or from subconfluent cultures that did not.
Conditioned culture supernatants from postconfluent EC cultures altered neither the kinetics of appearance nor the morphology of DPBs when compared to cultures incubated with nonconditioned culture supernatant.
Colocalization of Cytoskeletal Proteins
The relationship between alpha-actinin, myosin, and tropomyosin with centrally located MF bundles was similar to that described in a variety of cell types. 25 These three cytoskeletal proteins co-localized with F-actin on the central MF bundles in a manner characteristic for stress fibers. 25 ' 33 " 37 For the purpose of this study we will focus on the DPBs.
Double fluorescent staining showed that a linear stippled pattern of alpha-actinin, myosin, and tropomyosin colocalized with the linear F-actin pattern of the DPB (Figure  2 A-F). These proteins were associated with the DPB throughout the full depth of the DPB.
Vinculin was present in a punctate pattern along the DPB (Figure 2 G,H) in a plane above that of the vinculin associated with ventral MFs at the bottom of the cell. 3839 Fine focusing on the DPB showed that thin MF bundles extended between the DPB and the vinculin plaques at the cell-cell interface (Figure 3 A,B) . Many of the thin MF bundles arising from the DPB of adjacent cells appeared to abut end-on at the site of the vinculin plaques (Figure 3 Tubulin staining showed a dense array of microtubules projecting from the centrosome toward the periphery as previously described. 13 ' 14 ' 40 The microtubules were most heavily concentrated in the centrosome region on one side of the nucleus and became less densely concentrated toward the cell periphery of the cell. Double staining for tubulin and F-actin showed no prominant accumulation of microtubules in the region of the DPB; however, occasional microtubules were present in the same region as MFs making up the DPB. Microtubules were also observed to extend from the centrosome region toward the cell periphery, to bend, and to follow the cell contour along the inner aspect of the DPB (Figure 21, J) . This was more apparent in postconfluent cultures.
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Within 10 to 15 minutes of incubation with cytochalasin B, DPB disruption became obvious, and dense aggregates of F-actin began to appear within the region of the DPB (Figure 4 A) . Within 20 to 30 minutes, very prominent Factin aggregates were present, and only occasional single MF bundles remained at the cell periphery (Figure 4 B) . By 30 to 45 mnutes, disruption was so complete that no discernable MF bundles were observed in the area of the DPB. Peripherally located aggregates remained prominent. Central MF bundles were present and were the only MF structure remaining in these cells. Some small aggregates were also present in the central areas of the EC. By 7 hours, F-actin aggregates were uncommon, with central MF bundles still prominent (Figure 4 C) . After 24 hours in cytochalasin B, there were fewer aggregates, and central MFs were still present although there was a noticeable decrease in their number at this time (Figure 4 D) .
Phase contrast observations of these cells throughout the course of the 24-hour incubation in cytochalasin B showed minimal cell shape change, with preservation of the monolayer morphology of the confluent cell sheet. Intercellular gaps were uncommon.
The effect of cytochalasin B on EC MFs was reversible at all time points tested. Within 10 to 15 minutes after washout, F-actin aggregates began to disperse, and MF bundles appeared in the region of the DPB (Figure 4 E) . By 30 minutes, the appearance of the DPB resembled that of control cultures, with the exception of occasional small aggregates of F-actin at the periphery of cells (Figure 4 F) . By 60 minutes, these cultures appeared identical to those of controls. Cultures treated for longer than 12 hours with cytochalasin B showed a slower recovery, usually requiring 2 to 4 hours before regaining normal F-actin morphology.
Discussion
The dense peripheral band is a distinct F-actin MF structure characteristic of confluent ECs. It is seen as being made up of many MF bundles displaying varying degrees of intermittent alpha-actinin, myosin, and tropomyosin. It represents a specific organization of actin MF bundles located around the complete circumference of individual monolayer ECs. It differs from the diffuse submembranous microfilament mat 4142 or sheath 43 found in most cell types since the mat is a diffuse array of very fine MFs located within the entire cortical cytoplasm. Unlike the central MF stress fibers that can be visualized on the ventral surface of the EC by phase contrast microscopy, the DPB is not apparent by phase contrast optics. The DPB also appears to be much more sensitive to the effects of cytochalasin B, as it is completely disrupted within 10 to 20 minutes whereas many central MF bundles are still present at 24 hours. It is also unlike the central F-actin bundles of microvilli, since the latter do not contain many of the contractile proteins present in the DPB. 44 The DPB may, however, share similarities with the circumferential band of MFs seen in the apical portion of epthelial cells such as retinal pigmented epithelial cells 45 '"« and the MDBK 38 the vinculin adhaerens junctions present at the interface between adjacent cells in the monolayer. 39 In our study, we have demonstrated that there is a close association between MFs making up the DPB and vinculin plaques at cell-cell interfaces. It is thus possible that the vinculin plaques we have observed in the ECs are part of a junction similar to the adhaerens junctions. At this point, the fine structure of the vinculin plaques cannot be resolved by the optical system used in our experiments, and uttrastructural studies are in progress to further define the MF-vinculin relationship. It is also of considerable interest that the MFadhaerens junction complex has also been demonstrated to regulate permeability across a sheet of epithelial cells. 39 ' ** We would hypothesize that a similar structurefunction relationship exists in ECs with the DPB and cellular junctions.
The signal for DPB formation is presently not known. It is well known that peripheral actin in both diffuse and MF staining patterns are found in areas of active membrane ruffling and lamellipodia extrusion. 49 " 51 We have observed this as well in actively spreading freshly plated ECs. However, the nonwounded confluent monolayer does not show intense peripheral lamellipodia activity, thus implying that DPB formation is not dependent upon this activity. In addition, well-developed DPBs are not present in the middle of cell islands in low density cultures, suggesting that simple cell-cell contact is not enough to bring about its formation. Conditioned media from confluent EC cultures were unable to bring about DPB formation in low density cultures. One attractive hypothesis is that the DPB is formed by the EC to stabilize the EC against the physical forces 52 ' ** exerted upon it by its neighbor as the cells pack into the twodimensional space of the monolayer. The colocalization of alpha-actinin, myosin, and tropomyosin in the MFs making up the DPB implies that this structure possesses the ability to be contractile. Anchored by vinculin at cell-cell junctions, the DPB may thus provide the tensile force to stabilize EC shape within the monolayer.
ECs have been shown to possess peripheral MF bundles in vrvo. 17 " 19 ' 21 ' ffi ' 24 Localization of these MF bundles by light microscopic immunocytochemical methods show that the in vivo structure is not as well developed as the DPB seen in vitro. Although in vivo EC peripheral MF bundles also contain myosin 19 ' 24 like their in vitro counterparts, they are not made up of an aggregation of multiple distinct MF bundles, but rather of one or a few prominent peripheral bundles. The reason for this difference is not known; however, it may be in some way related to the differences in EC shape and size as well as to the absence of hemodynamic shear forces in our tissue culture conditions. Modulation of the in vivo structure in pathological states 1 9 ' 2 0 2 3 2 S 2 6 has also been described; however, the DPB has been given little prominence by most authors as a cytoskeletal system important in the regulation of endothelial barrier integrity. Our studies suggest a central and essential role for the DPB in normal EC function. The DPB may be contractile and help maintain cell shape yet at the same time be intimately associated with the ability of ECs to rapidly extrude lamellipodia and spread following wounding. 10 This dual function may reflect the demands of the EC environment. ECs in vivo must remain closely appositioned to each other in order to serve as a selective permeability barrier. 3 They must do so under changing hemodynamic stresses 54 while resting on a vessel wall that undergoes large diameter changes with each diastole and systole of the cardiac cycle. DPB-like structures can hence potentially stabilize the cell 52 -M against forces that will pull cells apart and atter cell shape. 55 Hence, substances that target their cytoskeletal effects on the DPB may compromise both the physical integrity of the cell monolayer and the ability of the endothelium to heal itself. Specific injury to the DPB by exogenous compounds does occur and results in disorganization of the confluent cell monolayer. 27 Wysolmerski and Lagunoff 56 reported that ethchorvynol, an agent that produces reversible pulmonary edema, caused loss of the DPB in confluent monolayers of bovine pulmonary artery and human umbilical vein ECS.
